To study the course of regional metabolite concentrations during early brain development, we measured in vivo metabolites [Nacetyl-aspartate (NAA), choline-containing compounds, and myoinositol (M-Ino)] in the precentral area of the cerebrum by short echo-time single volume proton magnetic resonance spectroscopy and compared in vivo established spectroscopic data with classic chromatographic data (HPLC) on age-corresponding autopsy tissue in different regions of the brain. In autopsy tissue, regional (frontal lobe, precentral area, basal ganglia, thalamus) and age-dependent differences of the concentration of creatine, NAA, and M-Ino were determined. In vivo measurement of NAA by proton magnetic resonance spectroscopy shows a significant increase of NAA by increasing postconceptional age. M-Ino shows a weak correlation and a nonsignificant decrease with increasing postconceptional age. Choline shows no age-dependent changes. Creatine concentrations measured by HPLC in different regions of the developing brain at autopsy showed an age-dependent increase that was identical for the left and right side and similar for the precentral area and frontal lobe and more pronounced for the basal ganglia and thalamus. Comparison of the results obtained by the two methods shows agreement for the age-dependent changes and the absolute concentration of M-Ino. NAA determined in autopsy tissue by HPLC is significantly lower Measurements of the content of amin o acids and related compounds in different anatomical region s of the human brain can elucidate region al brain development and brain path ology (1, 2) . In most cases, living human brain cannot be sampled for biochemical examination and inve stigators must rely on in vitro analysis
than that measured in vivo by proton magnetic resonance spectroscopy. A comparison of the concentrations measured by I-IPLC in frontal lobe, basal ganglia, and thalamus with the results obtained from the precentral area showed significant regional differences in all measured metabolites. These results define important agedependent changes detected with both methods and further indicate limitations of both methods that have to be considered when presenting absolute concentration values. (Pediatr Res 37: 145-150, 1995) Abbreviations G C, gas chromatography IH-M RS, proton magn etic resonance spectroscopy Cr, creatin e NAA , N-acetyl aspartate Cho, choline M -Ino, myo-inositol P CA, postconcepti onal age GA, gestational age ppm, parts per milli on VOl, volume of interest autop sied brain are reasonable representatives of those that prevailed during life. Using 1H-MRS, we hav e obtained a tool to investigate the chemical composition of the brain in vivo (3) (4) (5) . Howe ver, 1H-MRS and HPLC/G C have, respectively, inherent limitations and methodologic problems.
Th e focus of this work is to establish data on regional metabolic changes in early human brain development using a combination of the two methods, one for in vivo assessment CH-MRS) and one for ex vivo measures (HPLC/GC) in autopsy tissue, wh ich should allow us to link the strength of the two tool s. The strength of IH-MRS compared with HPLC/GC is obviou sly the data sampling in vivo.
HUPP I ET AL.
Although chromatogra phy can be calibrated by standard solutions, determination of absolute concentrations by IH_ MRS is still controversial (6, 7) . Inasmuch as the magnetic resonance spectrum has an arbitrary amplification, several approaches for internal and external standards have been proposed. In an earlier study, we used Cr determined by HPLC in autopsy tissue as an internal standard of our IH-MRS data (8) .
HPLC/GC and other in vitro methods are able to detect very low concentrations of numerous metabolites. The conce ntration of in vivo IH-MRS visible metabolites has to be in the order of mM, thus restricting the number of observa ble metabolites considerably.
In autopsy, anatomical structures can be respected, whereas in IH-MRS cubes of a minim al size (typically 3.3 crrr') have to be used as the VOL The rectangular shape of the voxel does not fit into anatomical structures, making the amount of unwanted signal even larger. An analysis of the adjacent tissue by HPLC/GC will therefore help to consider this so-called "partial volume effect."
Due to time constraints, only one or two regions of interest can be examined in single-voxel IH-MRS. Using HPLC/GC for the analysis of brain after autopsy, many different anatomical structures can be analyzed at the same time point. Longitudinal studies in the same patient are possible only with in vivo IH-MRS.
To have an additional and methodologically independent assessment of brain metabolite levels during development, we add ed cl assic chro matogra phic data determined in agecorresponding autopsy tissue of different anatomically defined regions of the brain to our in vivo IH-MRS study of metabolic brain development.
METHODS
In vivo data were obtained from a total of 28 newborns, 14 preterm infants (GA 27-34 wk studied at PCA 31-37 wk; postna tal age 18 ± 10.9 d), and 14 infants at term (GA 37-40 wk studied at PCA 38 -45 wk; postnatal age 41 ± 28.9 d); all newborns were free of cerebral pathology, none of the babies suffered from severe perinatal disorder such as asphyxia or severe respiratory distress syndrome, and none of the babies were ever mechanically ventilated. Approva l of the study protocol was obtained by the local ethica l committee, and informed parental consent was obtained before study entry.
The autopsy data were obtained from five brains of preterm infants (GA 29.2 ± 3.7 wk) and five brains of term babies (GA 39.6 ± 1.1); causes of death were congenital diaphragmatic hernia, lung immaturity, and intrapartum (intrauterine) death subpartu due to cord compression . Time between death and autopsy was a few hours in a cooled room (3-4°C). At autopsy, brain tissue was immediately frozen. With one exception, only half brains were available for determin ation of regional metabolic mapping; the other half of each brain was used for formalin fixation to determine structural normality. Region al preparation was done by a neuroanatomist.
A 1.5-tesla magneti c resonance unit (GE-SIGNA, General Electric , Milwaukee, WI) was used for imaging and IH-MRS. Preterm babies were kept in the specially designed, temperature-controlled incubator (Spectrospin, Fallanden, Switzerland) during magnetic resonance examination. Cardiorespiratory monitoring was applied to all patients by an integrated monitoring system (Maglife, ODAM-Bruker, Wissembourg, France). Either a surface coil of 7.6 cm for preterm babies or an extremity coil of 18 cm for term babies was used for spectroscopy.
A localization image was obtained to position the rectangular val in the precentral area of the cerebrum representing the later motor cortex area (Fig. 1A) . For the acquisition of the spectra, a stimulated echo pulse sequence was used with repetition time = 2000 ms, echo time = 7 ms, middle interval = 35.5 ms and complete outside volume presaturation (9) . Homogeneity was optimized by shimming to a line width of 3-4 Hz, corresponding to 0.05 ppm. Data processing included exponential multiplication (1 Hz) and a computerized line-fitting routine using Lorentzian line shape. The line-fitting routine of the NAA peak area includes subtraction of underlying glutamine/glutamate signal. Inasmuch as the NAA signal obscures only the right shoulder of the glutamine/glutamate hump, the left shoulder is visible and available for a baseline correction of this spectral region. Assuming an approximately symmetrical shape of the underlying hump, the right shoulder is estimated by a Gaussian line determined by the visible left part of the signal. This completely automated procedure remarkably improved the reproducibility of the determination of the NAA peak area. This algorithm guarantees an operatorunbiased estimation of the baseline in this spectral region and errors introduced by this subtraction are below uncertainties due to other spectrum handling such as phasing. The quality of our spectra was assured by exclu ding spectra that contained the following observations: a large signal at 0.9-1.5 ppm (2 times NAA resonance) represen ting fat contamination, negative signal at 0.9-1.5 ppm (pulse angle misadjustment), low signal-to-noise ratio (acquisition problems, coil inhomogeneity), broad lines due to shim prob lems, doubled resonances (motion induced) , a large residual water signal determined to be larger than 20 times the Cr signal (incomplete water suppression), negative peak tails larger than 10% Cho peak (incorrect phasing), or oscillating artifacts more than 10% signal (spurious echoes, incompl ete water suppress ion).
All proton spectra included in the study fulfilled the mentioned quality criteria . Samples of in vivo IH-spectra of a preterm infant and term newborn create d from a single volume of 3.3 crrr' in the motor cortex area are shown in Figure 1 . Metabolite identification was achieved by studies with model solutions at 1.5 tesla and by reference to publish ed information .
Quantification was done by using chromatographically measured Cr concentrations in region-and age-corresponding human autopsy tissue as an internal standard for the Cr peak area in each spect rum. This assumes full visibility of Cr in 1H-MRS. To determine the quota of the cytosolic fraction (visible in MRS) of Cr, homogenized brain tissue was centrifuged and Cr was measured in the supernatant.
For the autopsy data, all regional samples of 1 g were homogenized, and for Cr and NAA, HPLC was performed (10) . For M-Ino, GC was used for determination of the concentrations (11) .
Statistical analysis was done using classic regression analysis. Significance of the slope > 0 was determined by t test. The level of statistical significance was set at p < 0.05. Group Regression lines are defined by constant and slope for each region of the brain. Combined left and right Cr levels were used to determine the regression line for each region. In 11 half brains, a number of (n) samples were obtained. In all regions, a significant increase (p for slope> 0) was found (determined from left and right). The regression equation of Cr in gyrus praecentralis was used for determination of Cr peak area in the in vivo. IH-spectra (= internal standard). Variation of the data or measure of the goodness of fit is given by the coefficient of determination (?). Table 1) . The determination of Cr in the cytosolic fraction of brain tissue yielded 98% of total homogenate. Full visibility of Cr in lH-MRS can therefore be assumed. Evaluation of Cr concentrations measured by HPLC in different regions of the developing brain showed a significant age-dependent increase that was identical for the left and right side, similar for the precentral area and frontal lobe, and more pronounced for the basal ganglia and thalamus. The regression equation of Cr in gyrus praecentralis was used for determination of Cr peak area (internal standard) in the in vivo lH-spectra.
Cr determination by HPLC (

Concentrations determined by in vivo IH-MRS in developing human brain.
Age-dependent changes in concentrations of NAA, Cho, and M-Ino in an early stage of human development are given in Figure 2A -C. There is a significant increase of NAA by increasing postconceptional age. Looking at effects of postnatal age on in vivo concentrations in preterm infants, M-Ino shows a lower concentration in preterm infants at term compared with term newborns at identical postconceptional age. However, statistical analysis does not prove significance ( Table 2) .
Comparison of mean concentrations determined by in vivo 1H-MRS and HPLCIGC in autopsy tissue of human brain.
Calculated mean concentrations values from in vivo lH-MRS for NAA, Cho, and M-Ino in two groups, preterm and infants at term, are given in Table 3 . The significant increase of NAA from preterm to infants at term is confirmed with both methods. M-Ino shows no significant age-dependent (PCA) changes in the examined region. Cho determined only by in vivo lH-MRS remains constant in the two examined age groups.
Concentration values obtained by HPLC/GC in autopsy tissue of the precentral area and by lH-MRS in human brain (precentral area) in vivo are comparable in age-dependent changes. NAA concentrations determined in autopsy tissue by HPLC are significantly lower than those measured in vivo by lH-MRS. 
Concentrations of NAA, M-Ino, and Cr in adjacent tissue.
To allow consideration of partial volume effects, metabolite concentrations in tissue adjacent to the precentral area were studied by HPLC/GC in anatomically defined regions of autopsy tissue. Concentrations of NAA and M-Ino in the frontal lobe, basal ganglia, and thalamus are given for pooled preterm and term newborns (Table 4) . NAA concentration in the precentral area is similar to the concentration in the frontal lobe tissue as in basal ganglia and thalamus in preterm infants. NAA and Cr concentrations in term newborns are significantly higher in the basal ganglia and thalamus. M-Ino concentrations are higher in the frontal lobe of term newborns than in the precentral area.
Regional1H-MRS and contamination from adjacent tissue.
To supplement our previously presented data on IH-MRS in the cerebellum of preterm and term newborns, we studied regional brain development in the precentral area of the cerebrum, which includes the later motor cortex. Developmental changes are of special importance in the evaluation of the pediatric or neonatal patient. Disease state can only be judged on the basis of normal age-related standards. Localized IH_ MRS has proven to be an acceptable tool for noninvasive study of cerebral development in newborns (8, 12, 13) . To study regional brain development, very small voxels have to be used in the newborn infant; in our study they were as small as 3.3 ern", However, contamination from adjacent tissue with different metabolite concentrations is still possible. From the results of the regional metabolic assessment in autopsy tissue presented in Table 4 , we learn that Cr concentrations in the thalamus and basal ganglia are much higher than in the precentral area or the frontal lobe; therefore, contamination of the VOl (precentral area) by adjacent tissue from the thalamus and basal ganglia has to be avoided, whereas contamination by frontal lobe would change metabolite concentrations only minimally. This underlines the importance of exact localization and careful selection of control areas in in vivo spectroscopic studies. This comparison of metabolite levels in adjacent anatomical structures of the brain confirms the necessity of exact placement and anatomical shape of the IH-MRS voxel, which is still not satisfactory.
Limitations to absolute quantification in 1H-MRS. An important feature of our study is the quantitative expression of results. With our method, the chromatographically determined age-corresponding total Cr concentration of autopsy tissue acts as a reference for the Cr resonance. Cr and phosphocreatine are small metabolites, the sum of whose concentration remains constant under different metabolic conditions including 24 h of brain autolysis. Using this Cr-based method of metabolite quantification, we avoid the necessity of determining the exact water content of the examined brain tissue that is necessary in water signal-based quantification methods (14) . Furthermore, cerebrospinal fluid as partial volume does not affect quantification. Petroff et al. (15) have recently shown that the Cr-based quantification method is a valuable technique to study fractionated preparations of brain tissue. We take into account Comparison was done by t test between preterm infants at term (i.e. 40 wk PCA) and term newborns. There are no significant differences in metabolite concentrations for the studied groups (n = 14). Table 3 Comparison was done by t test between preterm and infants at term (age-dependent changes) and between autopsy and in vivo data. Significance is determined at p < 0.05. GA, PCA, and postnatal age of the two groups are defined in "Methods." Table 4 . Brain tissue from preterm infants (GA 29.2 :±: 3.7 wk) and from term newborns (GA 39.6 :±: 1.1) was used. Underline indicates concentrations with significant (p < 0.05) differences to the precentral area. Not enough tissue was available for Ina determination in basal ganglia and thalamus in preterm infants.
Concentrations of NAA, Ino (inositol), and Cr in adjacent tissue (basal ganglia, thalamus, frontal lobe) in autopsy tissue
age-dependent and regional changes of Cr that have been shown in the results from the autopsy study. Using this method of quantification, we are able to calculate absolute concentration values for different metabolites but have to consider that they are relative to the age-defined Cr standard. Using very short echo times as in this study (7 ms), differences in T2 tissue relaxation times do not alter signal intensity, and intensity distortion due to I-modulation is reduced. However, contamination of the main spectrum by short T2 resonances, such as the high molecular weight macromolecules (16) and glutamine/glutamate giving signal around 2.0 ppm, could occur. Despite our correction of the baseline in this spectral region, overestimation of NAA concentration in the preterm and term newborn where the overall NAA concentration is low could contribute to differences observed by in vivo measurement by IH-MRS in comparison with in vitro measurement by HPLC (Table 3) .
Other confounding factors that have to be avoided are fat contamination, pulse angle misadjustment, low signal-to-noise ratio, shim problems, motion artifacts, incomplete water suppression, incorrect phasing, and spurious echoes. The quality of the spectra used in our study has been tested according the guidelines listed in "Methods" to avoid inclusion of poor data.
Cr determination by HPLC in different regions ofbrain. Cr is increasing from preterm to term newborns in all studied regions, but the increase is more pronounced in the thalamus and basal ganglia, where at term Cr reaches significantly higher levels than in the frontal lobe and the precentral area of the motor cortex (Table 1) . Phosphocreatine is a short-term energy storage form of the tissue, and thus the total measured Cr (sum of phosphocreatine and Cr), might well resemble energy potential available in the described area. In their positron emission tomography study, Chugani et al. (17) showed that local cerebral metabolic rates for glucose were highest in thalamus. and basal ganglia during very early human brain development. Myelin production in the oligodendroglia is another energydemanding process; subcortical areas are earlier in myelination than cortical structures. The knowledge of the concentration of Cr in different regions allows use of this metabolite for other studies.
Developmental changes of metabolites measured by 1H-MRS and HPLCIGC. Increasing interest has been shown toward the substance NAA, a metabolite easily detectable by in vivo IH-MRS, present largely within neurons (18) (19) (20) . NAA therefore was used in a wide variety of disease states to document neuronal viability and density, with reduction of NAA suggesting neuronal damage (21, 22) . Other studies have shown the possible importance of NAA as an acetyl group donor in the formation of brain lipids (23, 24) .
In this context, it is important to know developmental changes and regional differences of NAA concentration in human brain. Our study shows a significant increase in NAA concentration in the precentral area from healthy preterm infants to term infants. After correction for postconceptional age, postnatal age (d) did not alter NAA concentration significantly when comparing preterm infants at 40 wk PCA with term newborns examined shortly after birth (Table 2) . Potential alterations of NAA concentration in neonatal brain due to environmental changes evoked by premature birth and disease state will be studied on the basis of these results.
There is still uncertainty as to which of the Cho-containing compounds contribute to the 3.2-ppm peak seen with IH-MRS. Free Cho, phospho choline, and glycerophosphocholine are substances with concentrations below detectability for IH_ 150 HUPP] ET AL MRS. It has therefore been postulated that the Cho peak seen with 1H-MRS could reflect total brain Cho stores (25) . We find stable concentration levels around 3 mM in the developing human brain measured by IH-MRS only, becaus e determination of Cho-containing substances in autopsy tissue can be very diverse. Plasma Cho levels have been shown to be 4 to 7 times higher in newborns than in adults, indicating a high turno ver at this time of earl y human developm ent (26) . The resonance observed at 3.58 ppm in the short echo time proton spectrum is attributed to the cyclic sugar alcohol M-Ino.
The M-Ino concentration, assessed by in vivo 1H-MRS, has been shown by Kreis et al. (14) to be decre asing throughout the first year of life. In our study, we can confirm the finding of high M-Ino levels shortly after birth. Comparing M-Ino levels in preterm infants at 40 wk PCA and term newborns, concentration levels seemed to be lower in preterm infants but did not reach significance for the studied number of patients.
Comparison of two methods. Results of NAA and M-Ino concentration determined by IH-MRS were compared with the concentration of NAA and M-Ino measured by HPLC in autopsy tissue. IH-MR S data and chrom atograph ic data from age-and region-corresponding tissue were in agreement for the developmental chang es of NAA and M-Ino. Absolute values of NAA showed significantly lower values in autopsy tissue measured by HPLC. This can be in part due to the initi al rapid degradati on of NAA of approximately 10% immediately after death (27) . After this immediate decrease, postmortem autolysis of NAA occurs very slowly (28) . Measurement of NAA concentration by in vivo IH-MRS includes a subtr action of glutamine/glutamate signal, resonances partly overlapping the NAA peak, and subtr action of underlying resonances of macromolecules as mentioned earlier. Therefore, minor cont ribution of these resonances might cause overestimation of absolute NAA concentration.
The assessment of M-Ino in autopsy tissue and in vivo gave similar concentration values for preterm and term brains . Concentration values have recently been further confirmed by in vivo 13C-spectroscopy (29) .
Conclusion. Stud y of regional metab olite concentrations during brain developm ent may help us understand the schedule and organization of the differentiation of brain structures. Although an in vivo observation of low concentration metabolites in small regions of the brain would be desirable, only limited access is possible. Classic biochemical analysis can provide concentration levels of numerous brain metabolites of small samples of brain tissue; however, this is only available in autopsy tissue. The combin ation of in vivo IH-MRS and HPLC/GC in autopsy tissue allowe d us to join the strength of both methods and to study regional brain developm ent.
The comparison of two inherentl y different method s should reduce methodologic artifacts and allows combination of the different findings. In vivo studies of brain development are a basis for better understanding of the physiologic organization of the brain and of pathol ogic conditions such as abnorm al brain development, intrauterine growth retardation, hypoxia, malnutrition, and other factor s affecting the newborn.
